Injectable hydrogel is one of the great interests for tissue engineering and cell encapsulation. In the study, the gelatin molecules were added to the thermosensitive chitosan=b-glycerol phosphate (C=GP) disodium salt hydrogels to form chitosan=gelatin=b-glycerol phosphate (C=G=GP) disodium salt hydrogels which were applied as a cell carrier for nucleus pulposus (NP) regeneration. The gelation temperature, gelation time, and gel strength of the C=G=GP hydrogels were analyzed by the rheometer. NP cells were then harvested from the intervertebral discs of the adult New Zealand white rabbits and cultured in monolayer or in C=G=GP hydrogel, respectively. The cell viability, material-mediated cytotoxicity, cell proliferation, production of sulfated glycosaminoglycans, anabolic=catabolic gene expressions, and extracellular matrix-related gene expressions of the NP cells were demonstrated. The results show that the sol=gel transition temperature of the C=G=GP hydrogel was in the range of 31.1-33.88C at neutral pH value, the gelation time was shortened, and the gel strength also improved at body temperature when compared with the C=GP hydrogel. Among those, C=GP with 1% gelatin addition showed the most promising gelation time and gel strength and were utilized in the later experiments. From the results of cell activity, cytotoxicity, and cell proliferation assays, NP cells cultured in C=G=GP hydrogel had normal cell viability and cell proliferation that indicated the hydrogel was noncytotoxicity. The amounts of sulfated glycosaminoglycans of NP cells cultured in C=G=GP hydrogels were significantly higher than monolayer cultured. Considering the extracellular matrix-related gene expression, type II collagen and aggrecan of NP cells cultured in the hydrogels greatly increased than those in monolayer culture. On the contrary, the unfavorable gene expression, such as that of type I collagen, was decreased significantly. The results reveal that gelatin added into C=GP hydrogel significantly shortened the gelation time and improved the gel strength without influencing the biocompatibility. NP cells cultured in the C=G=GP hydrogel also displayed better gene expressions when compared with the monolayer culture. This study indicates that using chitosan=gelatin hydrogel for NP cell culture is feasible and may apply in minimal invasive intervertebral disc surgery in the future.
Introduction
T he intervertebral disc (IVD) is composed of central nucleus pulposus (NP), outer annulus fibrosus, and upper and lower cartilage endplates (CEPs). IVD plays an important role by providing adequate mechanical strength in response to external stress, thus protecting the spine and brain from damage. The major components of NP are discmatrix proteins, proteoglycans, and collagen which have gelatinous structure and thus they give resilience after shock absorption. 1 With disc degeneration, proteoglycans of the NP are progressively lost, leading to poor hydrodynamic transfer. Simultaneously, the integrity of the annulus fibrosus is degraded and radial fissures are generated. 2 The CEPs are also affected by the degenerative process accompanying with ossification. As known, the NP is an avascular tissue in the body; the nutrient supply depends on the capillaries of the surrounding tissue, and it diffuses through 1 CEPs into the inner cells. 3 After degeneration, the regenerative ability of the NP is limited because of low cell proliferation rate and insufficient nutrient supply. 3 In the degenerated NP, NP cells lose their phenotype and produce inappropriate extracellular matrix (ECM). In this condition, there is an increase of type I collagen and denatured type II collagen in ECM, whereas proteoglycans are decreased because of the activation of matrix-degrading enzyme which degrades the components of ECM, 4, 5 and hence, the balance between the anabolic metabolism and catabolic metabolism of the ECM was disrupted. Current strategies such as pharmaceutical treatment, physical therapy, spinal fusion, artificial disc replacement, and discectomy can only reduce the pain rather than repair the degenerated disc. 6, 7 In the past decades, biological therapies such as ECM-based, cell-based, and molecular therapies have been developed to repair the degenerated disc at a relatively early stage. ECM-based and molecule-based therapies generally provide short-term relief and cannot restore the NP function totally. Cell-based therapy gives a light for NP full restoration, in which the NP cells are delivered directly to the degenerated NP to restore the balance between anabolism and catabolism and to regenerate the NP. In previous studies, it was found that NP cells could not have a homogenous distribution if cells are injected directly into the degenerated NP, because of precipitation and lamination. 8, 9 Several hydrogels have been prepared and used as cell carriers for NP regeneration. [10] [11] [12] [13] [14] [15] Hydrogels with highly hydrated network are suitable for cell delivery because their macromolecular structure is similar to ECM. 16 In the past few years, in situ forming hydrogels initiated with physical crosslink without organic crosslinking agents have been developed, to deliver cells in the fashion of injection for minimal invasion surgery. 17 Thermosensitive chitosan-based hydrogel was also used as a cell carrier for NP regeneration. 14, 15 Chitosan is a linear copolymer that is composed of d-glucosamine and N-acetyl-d-glucosamine by (1,4)-linkage. It is soluble in acid solution and contains free amino groups. Chitosan, a most attractive temperature-induced sol-gel with transition under physiological condition at 378C, has been used in a variety of biomedical applications because it is biocompatible and nonimmunogenic. 18, 19 Chenite et al. 20 developed a thermogelling chitosan=b-glycerol phosphate (C=GP) system which has been widely used in drug delivery. 21, 22 In this system, the gelation time, gel strength, and gelation temperature can be controlled by varying the GP concentration, chitosan concentration, and deacetylation degrees of chitosan. 21 Otherwise, the compact threedimensional (3D) network structure of the C=GP hydrogel could be the key factor that affects the gel strength and gelation properties. Roughley et al.
14 suggested that lack for firm structure of the C=GP hydrogel may not be suitable for cell culture. The gel strength of the C=GP hydrogel could be increased by adding other polymers.
In our study, gelatin was added to the thermosensitive chitosan-based hydrogel to improve the mechanical strength and gelation properties. Gelatin is a low cost, biocompatible, and biodegradable biopolymer and can induce mild immunoreaction. 23, 24 The gelation time, gelation temperature, and gelation strength of the chitosan=gelatin b-glycerol phosphate (C=G=GP) hydrogel were characterized using a rheometer. The biocompatibility in vitro was evaluated by the lactate dehydrogenase (LDH), water soluble tetrazolium salt-1 (WST-1) and total DNA assays for the determination of cytotoxicity, cell viability, and cell number, respectively. The ECM-related gene expression (type I collagen, type II collagen, and aggrecan) was selected to examine whether the NP cells cultured in C=G=GP gel would maintain phenotype. The aim of our study was to evaluate the feasibility of using the thermosensitive C=G=GP hydrogel as a cell carrier for NP regeneration.
Materials and Methods

Preparation of thermosensitive chitosan=gelatin=b-GP solution
Chitosan (2.5%, degree of deacetylation >95%, molecular weight ¼ 340,000; Kiotek, Taipei county, Taiwan) with 1%, 1.5%, or 2% gelatin (G1890; Sigma, St. Louis, MO) was dissolved in 0.1 M acetic acid (242853; Sigma) and sterilized in a autoclave. Glycerol 2-phosphate disodium salt hydrate (b-GP, G6251; Sigma) was dissolved in deionized water (0.8, w=v) and filtered using a 0.22-mm filter (Millex-GV; Millipore, Billerica, MA) for sterilization. The b-GP solution was added to the chitosan=gelatin solution dropwise under stirring and the pH was adjusted to 7.4. The C=G=GP solution was stored at 48C and utilized as a cell carrier for further study.
Rheological measurement of chitosan=gelatin=b-GP solution
Gelation temperature, gelation time, and gel strength were measured using (HAAKE, DeSoto, MO) RheoStress 600 rheometer equipped with a parallel-plate sensor (PP35 Ti) in oscillatory mode. The storage (elastic) modulus G 0 and loss (viscous) modulus G 00 versus temperature were measured at a gap of 0.105 mm and a frequency of 1.0 Hz. The temperature at the cross point of G 0 and G 00 was defined as gelation temperature.
Cytotoxicity evaluation
The 0.1 g hydrogel was immersed in 1 mL Dulbecco's modified Eagle's medium=nutrient mixture F-12 ham medium (DMEM-F12, D8900; Sigma) supplemented with 10% fetal bovine serum (Cat. No. 100-106; Gemini Bio-products, West Sacramento, CA), 0.05 mg=mL l-ascorbic acid, and 1% (v=v) penicillin (P4083; Sigma) in a 48-well culture plate at 378C, 5% carbon dioxide, and 95% relative humidity for 72 h to prepare the extraction for cytotoxicity test. NP cells were seeded in the 96-well cell culture plates (92096; TPP, Ho Chi Minh City, Vietnam) at a density of 5000 cells=well and cultured in DMEM-F12. After incubation for 18 h, the cells were washed with phosphate-buffered saline; the extractive solution of hydrogel was then added into the culture well (200 mL=well) as culture medium. WST-1 (Cell Proliferation Reagent WST-1; Roche, Mannheim, Germany) was measured at days 1 and 3 to check the cell viability. OD value was measured at 450 nm by using the enzyme-linked immunosorbent assay (ELISA) reader (Sunrise Remote; Tecan, Durham, NC).
LDH (CytoTox96 Non-Radioactive Cytotoxicity Assay; Promega, Madison, WI) assay was used to evaluate the cytotoxicity of the developed hydrogel to NP cells. LDH 2 CHENG ET AL.
released in the culture supernatants was measured with a 30-min coupled enzymatic assay and measured using the ELISA reader at a wavelength of 490 nm. The percentage of cytotoxicity was calculated using the following equation:
Isolation of NP cells
The animal study was approved by the Animal Experimentation Ethics Committee of National Taiwan University Hospital. New Zealand rabbits bred at the Animal Research Center, College of Medicine, National Taiwan University, were used in this study and maintained in accordance with the guidelines for the care and use of laboratory animals. The NP cells were harvested from the IVDs of 4-month-old New Zealand rabbits with body weight of *2 kg, by sacrificing with an overdose of ketamine hydrochloride injection. The IVDs were separated from the rest of tissue and directly dissected to harvest NP. The NP cells were first treated with 10% penicillin in phosphate-buffered saline at 378C for 10 min and then immersed in DMEM-F12 with 0.2% (v=v) collagenase (C0130; Sigma) at 378C for 18 h. The NP cells were collected and cultured in DMEM-F12.
Encapsulation of NP cells in chitosan=gelatin=b-GP hydrogels
The NP cells were mixed with C=G=GP solution at a density of 5Â10 5 cells=mL, which were then cultured in the transwell mounted on 24-well plates (3413; Corning, Acton, MA). Each transwell has 200 mL of C=G=GP hydrogel that contains 1Â10 5 NP cells, and 1.3 mL of culture medium was added in each well. The medium was refreshed every 3 days.
Total DNA purification
At the end of third week, the NP cells were collected and total DNA was purified using DNeasy Blood and Tissue kit (69504; Qiagen, Hilden, Germany). DNA was quantified using ultraviolet=visible=near-infrared spectrophotometer (DU 7500; Beckman, Fullerton, CA) at a wavelength of 260 nm.
Analysis of sulfated glycosaminoglycan content
The sulfated glycosaminoglycan (GAG) content was measured using the cationic dye dimethylmethylene blue (DMMB, 341088; Sigma). DMMB solution was prepared by dissolving 21 mg of DMMB in 95% ethanol (E7148; Sigma). The dissolved dye was added to 2 g of sodium formate (107603; Sigma) and 800 mL of distilled water, the pH was adjusted to 3.5 by adding 0.1 M formic acid (33015; Sigma), and the volume was increased to 1 L by adding distilled water. After every change of medium, the culture medium was collected for further DMMB evaluation. The hydrogel samples were collected at the end of 3 weeks. Forty microliters of samples and 250 mL of DMMB solution were mixed in 96-well microplates. The specific binding between the DMMB and sulfated GAGs produces complex DMMBsulfated GAGs. The complex product was analyzed using ELISA reader at a wavelength of 525 nm. The sulfated GAG content was calculated by linear standard curve using serial dilution of condroitin-6-sulfate (C4384; Sigma).
RNA extraction and gene expression of NP cells
At the end of third week, the NP cells were collected and total RNA was extracted by RNeasy Protect Mini kit (74104; Qiagen). RNA yield was quantified using the spectrophotometer at a wavelength of 260 nm. RNA was treated with RNasefree water and stored at À 808C. The cDNA was synthesized from RNA and SuperScriptÔ III First-Strand Synthesis System (18080-051; Invitrogen, Carlsbad, CA) by reverse transcription-polymerase chain reaction (PCR, PTC-200; MJ Research, Waltham, MA). The volume of the PCR Mix for a single reaction was 20 mL, which included 1 mL primer solution, 9 mL cDNA, and 10 mL of 2ÂTaqMan Universal PCR Master Mix (4304437; ABI, Foster City, CA). The target genes used for realtime PCR are listed in Table 1 . The reaction was performed using ABI PRISM 7700 Sequence Detection System and ABI PRISM 7700 Sequence Detection Software 1.9.1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as housekeeping gene. The relative expression of each target gene was analyzed by 2
ÀDDCt method.
Statistical analysis
Data were expressed as mean AE standard deviation. Statistical analyses of WST-1, LDH, GAG content, and mRNA gene expression were performed by one-way analysis of variance test. The results were considered significantly different when the p-value was < 0.05.
Results
Rheological measurement
Gelation temperature and gelation time of the C=GP solution and different gelatin concentration of the C=G=GP solution were evaluated by measuring the storage modulus (G 0 ) and loss modulus (G 00 ) versus temperature (Fig. 1) . The gelation temperature of the C=GP system (Fig. 1a) was 35.848C. The gelation temperature decreased to 33.888C, 33.618C, and 31.138C for the C=G=GP system with addition of 1%, 1.5%, and 2% of gelatin, respectively (Fig. 1b-d) . Figure 2 shows the gelation time of C=GP and C=G=GP systems at 378C. The gelation time decreased with increase of gelatin concentration. In the C=GP system, the gelation time was *10 min; for the C=G=GP system, the gelation time decreased to 2.3 s when 2% gelation was added. Figure 3 shows the gelation time of the C=GP and C=G=GP systems at 258C, which reveals similar results at 378C. The C=GP and C=G=GP with 1% gelatin at 258C did not show gelation even when the time was extended to 15 min. The gelation times of C=G=GP with 1.5% and 2% gelatin were 709.6 and 494.0 s, respectively. The gel strength at 378C increased with increase of gelatin concentration in the C=G=GP system (Fig. 4) . The gel strength of C=GP system was not increased with time, whereas the gel strength of C=G=GP system was significantly increased and was proportional to the gelatin concentration. Figure 5a shows the result of WST-1 assay of the hydrogel at days 1 and 3. The OD value at day 3 was higher than at THERMOSENSITIVE HYDROGELS FOR NUCLEUS PULPOSUSday 1. The OD values of C=G=GP hydrogels were not significantly different when compared with the monolayercultured group (n ¼ 4, p > 0.05).
Cytotoxicity
As shown in Figure 5b , there was no significant difference in LDH assay among the experimental groups at days 1 and 3 (n ¼ 4, p > 0.05). The results of LDH assay showed that the hydrogel has no cytotoxic effect on NP cells.
Based on the results of the rheological analysis, the C=G=GP system with 1% gelatin showed an optimum handling property. The C=G=GP hydrogel with 1% gelatin would be used for later in vitro evaluation on ECM secretion and related gene expression.
Analysis of sulfated GAG content
The ratio of GAGs=DNA was defined as the GAG expression per NP cell. As shown in Figure 6 , the ratio of GAGs=DNA in C=GP and C=G=GP hydrogels was higher 
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than that in monolayer culture (134.4 and 134.8, respectively). There was no significant difference in the results of DMMB assay between the hydrogel groups at the end of third week (n ¼ 3, p > 0.05). Figure 7 shows the gene expression of NP cells cultured in monolayer, C=GP hydrogels, and C=G=GP hydrogels. The fold number of monolayer-cultured group was designed as 1 for each gene expression and then compared with the two hydrogel groups.
Gene expression of NP cells
Type I collagen, type II collagen, and aggrecan were chosen to examine the ECM-related genes of NP cells cultured in the C=G=GP hydrogels. The expressions of type II collagen and aggrecan of NP cells in the C=GP and C=G=GP hydrogels were about 930-folds and 17-folds higher than those for monolayer culture. Type I collagen was downregulated in the C=GP and C=G=GP hydrogels, with 0.01-folds and 0.01-folds compared with the monolayer culture, respectively. The ECM-related gene expressions were not significantly different between the C=GP and C=G=GP groups.
Discussion
The results of rheological measurement indicated that C=G=GP solution could be gelled at 378C within a relative short term (less than 49 s) as shown in Figure 2 . The gelation time of C=GP at 378C was more than 600 s, which is not appropriate for clinical application in mini-invasive spinal surgery. The G 0 analysis (Fig. 4) showed that the C=G=GP had greatly improved mechanical strength at 378C. As shown in Figures 2 and 3 , the gelation time decreased with increase of gelatin concentration at 258C and 378C. We believe that it is due to the addition of gelatin to the C=GP system and modification of the molecular interactions during gelation process. Because of this modification, the C=G=GP hydrogel showed better mechanical strength and optimal gelation time than the C=GP hydrogel.
Chenite et al. [20] [21] [22] found that the mechanism of sol=gel transition in the C=GP system includes hydrophobic interaction, hydrogen bonding, electrostatic interaction, and molecular chain movement. Cho et al. 25 suggested that the addition of a GP salt to chitosan aqueous solutions directly modulates the electrostatic force, hydrophobic interactions, and hydrogen bonding between chitosan chains. These might be the main molecular forces involved in gel formation. The effective interactions responsible for sol=gel transition are multiple and briefly described as follows: (1) the increase of chitosan interchain hydrogen bonding as a consequence of the reduction of electrostatic repulsion due to the basic GP addition; (2) the electrostatic attraction increased between chitosan and GP via the amino and phosphate groups, respectively; and (3) the hydrophobic interactions between chitosan and chitosan molecules were enhanced by the structuring action of glycerol on water.
In our study, the gelatin molecules were added to the C=GP solution to increase the molecular interactions, thus improving the gel strength and shortening the gelation time. When gelatin is added to the C=GP solution at low temperature, hydrogen bonds exist not only between the OH group of gelatin and the OH and NH 2 groups of chitosan but also between gelatin and water because of the high hydrophilicity of gelatin. At the same time, the low temperature can also reduce the mobility of chitosan molecules, which further prevents the association of chitosan chains. It is thus a poor conformation or shape to build up a 3D network structure because of the difficulty of creating contacts between the junction chains. When temperature is elevated, the intermolecular hydrogen bonding interactions are reduced and the energized water molecules surrounding the polymer are removed. The dewatered hydrophobic chitosan chains and gelatin molecules entangled one another. As a result, a gel was formed. This type of thermosensitive gelation has also been observed in other cases. 14, 26 Therefore, hydrophobic interactions are assumed to be the main driving force to form a gel consisting of chitosan and gelatin at high temperature. In our experiment, the blend solution of C=GP and gelatin (1%) was homogeneous, transparent, and flowing at 258C. This mixed solution was placed at 378C, and the gel was CHENG ET AL.
formed as a transition from the solution to hydrogel after 49.24 s (Fig. 2b) . The gel showed better strength and optimal gelation time because of strong hydrophobic reactions between molecules. The results of in vitro cytotoxicity test showed that the C=GP and C=G=GP hydrogels are biocompatible. Chenite et al. 20 reported that the C=GP hydrogels can be used as a cell carrier for chondrocytes, as more than 80% cell viability was maintained. Molinaro et al. 27 evaluated the biocompatibility of C=GP hydrogels in vivo, which showed higher deacetylation degrees of chitosan inducing lesser inflammatory reactions. In our study, the deacetylation degree of chitosan was more than 95%, as gelatin is well known as a biocompatible and biodegradable biopolymer. 23, 24 The results of cytotoxicity test showed that C=GP and C=G=GP hydrogels were not harmful to the cultured cells and kept the cell viability at normal level (Fig. 5) .
The major mechanical properties of IVD depend on ECM which is mainly comprised of proteoglycans and collagens. GAGs are linked to the core protein of aggrecan which is the most abundant type of proteoglycans. The successful cell carrier not only sustains mechanical support, but also provides specific microenvironment which can maintain cell function or produce ECM. Figure 6 shows that the ratio of GAGs=DNA of NP cells cultured in the hydrogel is significantly higher than monolayer-cultured. Further, the mRNA gene expression (Fig. 7 ) also showed higher gene expression of aggrecan in the two hydrogel groups. These results indicate that proteoglycans synthesized by NP cells can be retained in hydrogels rather than lost into culture medium.
Type II collagen and proteoglycans are the major discmatrix proteins of NP. In the degenerated discs, the content of denatured type II collagen and type I collagen increased because of the change in NP cell behavior. The molecular weight of proteoglycans was decreased because NP cells lost part of their functions. 6 In our study, NP cells cultured in the two hydrogels could promote ECM-related gene expression of type II collagen and aggrecan. In contrast, the expression of undesired type I collagen in the two hydrogel groups was sharply decreased. The two hydrogels could promote expression of important ECM genes and inhibit undesired ECM production. This indicates that the composition and structure of chitosan is close to those of proteoglycans and the composition of gelatin is similar to that of collagen. The developed hydrogel provides a 3D framework and has more water content that is the same with the microenvironment of NP cells in the living tissue. All these factors contribute to the high expression of desired ECM genes and inhibition of undesired gene expression. According to the results of mRNA gene expression, the hydrogel can provide a suitable microenvironment that maintains the function of NP cells and enhances the synthesis of desired ECM.
Roughley et al. 14 reported that the C=GP and C=GP= hydroxyethyl cellulose hydrogels have the ability to retain proteoglycans produced by NP cells. They also showed that there was no significant difference in the results of the GAG retention for the C=GP and C=GP=hydroxyethyl cellulose hydrogels. A similar result was observed in our study. The results of GAGs=DNA ratio (Fig. 6 ) and the ECM gene expression (Fig. 7) show no significant difference between C=GP and C=G=GP hydrogels. Both C=GP and C=G=GP are highly entangled hydrogels. These highly entangled hydrogels can entrap the ECM which is synthesized by NP cells. NP cells generally maintain balance between the synthesis and breakdown of ECM macromolecules. The accumulated ECM macromolecules may surround the NP cells, and then feedback inhibition of the ECM may be induced. The 3D network structure of C=G=GP hydrogels was more compact than that of C=GP hydrogels. The compact network structure implicated that high efficiency of ECM retention and feedback inhibition can be expected. Therefore, the results of GAGs=DNA ratio and the ECM gene expression show no significant difference between the C=GP and C=G=GP hydrogels.
Conclusions
The results show that the C=G=GP solution can gel at 378C; the gelation time and gelation temperature can be adjusted by adding gelatin. The gel strength of C=GP hydrogels with 1% gelatin was significantly higher than that of C=GP hydrogels. At 378C, the gelation time also shortened, which may avoid cell precipitation. Moreover, the C=G=GP hydrogel is biocompatible, and hence the NP cells maintain normal GAG production and mRNA gene expression when cultured in C=G=GP hydrogel. Therefore, the C=G=GP hydrogel can be used as a 3D carrier for NP cell culture. These features make this hydrogel suitable for potential application in the tissue engineering of IVD.
